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Abstract. Using femtosecond microscopy, we observe a thermal/ionization front expand radially 
at ~108cm/s from a λ2-size spot of an aluminum target excited at >1018W/cm2.  Numerical 
modeling shows transport is predominantly radiative and may be initially nonlocal. 
 
 
Excitation of solid targets with laser pulses of relativistic intensity has recently 
emerged as a promising method for producing collimated beams of MeV protons and 
ions [1,2]. In order to tailor the energy, energy spread and quantity of particles in a 
beam to a specific scientific query or engineering application the physics between 
initial laser energy deposition and emission of an ion beam must be fully understood. 
To this end, we present an experiment in which ultrafast energy deposition on any 
target material is optically probed to observe the dynamics of energy flow in the target 
with very high temporal and spatial resolution. 
Intense, high contrast femtosecond (fs) laser pulses deposit energy into the 
electrons of a solid faster than it escapes from the initially-excited volume and much 
faster than the target surface expands hydrodynamically. When initial electron 
temperature kTe exceeds several hundred eV radiative heat transport begins to 
dominate over collisional transport [3].  The physics of this regime underlies 
production of MeV proton and ion beams, as well as energy transport in stars and  
ultrashort pulse x-ray generation. Past experiments in this regime [3] used loosely 
focused, ~1J, ~1ps pump pulses and probed the target transversely in transmission, 
and thus were restricted to observing late stages of 1D radiative transport in an 
optically transparent material on a time scale of tens of picoseconds. We present new 
measurements using 1 mJ, 24 fs pump pulses focused to a diffraction-limited λ2-size 
spot (1.5µm diameter) to excite a metal target surface at relativistic intensity (up to 1.8 
× 1018W/cm2). We probe the target in reflection through microscope optics. This 
geometry enables us to observe the earliest stages of radiative transport in 2D on any 
target material on a sub-picosecond time scale.  New features of radiative transport are 
expected on this space-time scale. For example, simple transport models in the 
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diffusive limit (i.e. Rosseland radiation mean free path λR << heated spot size λ) 
predict very different temporal evolution of the thermal/ionization front in 2D vs. 1D 
[5].  Moreover, since our focal spot size is on the order of λR, our experiment may 
open up fs studies of nonlocal radiative transport. 
Pump pulses, focused with an f/1 off-axis paraboloid coupled to adaptive optics [4], 
excited the Al target at 1 kHz repetition rate. At the highest focused pump intensity, 
Kα and continuum bremsstrahlung x-rays are clearly observed (Fig. 1a, top), prima 
facie evidence that relativistic intensity and keV electron temperatures have been 
reached. The target is translated so that each laser shot interacts with clean target 
material.  Surface wobble is limited to <1µm, resulting in highly reproducible damage 
spots (Fig. 1a, left-middle). The probe is split from the pump, frequency-doubled, and 
focused at 60o incidence angle to a ~10µm spot centered on the pump spot.   The 
reflected probe is then imaged with high quality microscope optics onto a CCD 
camera, which records 140× magnified images of the pump-excited spot with <1µm 
spatial resolution. The three selected images of a p-polarized probe in Fig. 1a (bottom) 
show a smooth Gaussian profile at ∆t < 0. By ∆t = 0.18ps, the pump-excited area has 
darkened.   By ∆t ≈ 0.5ps, the "dark" region has doubled in diameter, implying radial 
expansion at vrad ≈ 108cm/s. Simultaneously, diffraction features caused by local 
surface curvature appear. The lineouts of the imaged probe in Fig. 1b show the 
temporal evolution of the central dark region in more detail.  At the highest pump 
intensity (1.8 x 1018 W/cm2), it expands well beyond the directly photo-excited area 
within 1 ps.  At 5× lower pump intensity (3.7 x 1017 W/cm2), on the other hand, it 
remains confined largely within the pump-excited area. 
The darkening in the center of the images indicates heating and ionization of the Al 
surface, but its physical origin must be understood to model transport quantitatively.  
To this end, Fig. 2a plots normalized change ∆Rprobe(∆t)/R0 in p- and s-polarized probe 
reflectivity for excitation at 1.8 × 1018 W/cm2 obtained from the measuring the center 
of the imaged pump-excited region.  ∆R is negligible for an s-polarized probe, 
demonstrating that the drop of the p-polarized reflectivity is caused by resonance 
absorption (RA) [6] at the expanding critical surface.   The critical surface expands 
vertically at the ion acoustic velocity vz ≈ (ZkTe/mi)1/2, and maximum RA occurs when 
it expands to vz∆tmax ≈ λprobe/8 ≈ 50 nm. [8].  From Fig. 2a, ∆tmax ≈ 0.3 ps , implying vz 
≈ 2 x 107 cm/s.  This vz is consistent with ionization state Z ≈ 10 and kTe ≈ several 
keV. The slight delay between ionizing and heating a point on the surface to (Z, kTe) 
and the appearance of maximum RA must be taken into account in modeling the radial 
expansion data.  However, since vertical expansion vz∆t remains much less than the 
radial spot size during the time interval (0 < ∆t < 1 ps) of interest, a 1-D hydrodynamic 
model like MEDUSA [7] is sufficient for this purpose.   Although pre-pulses at the 10-
5 level were present,  no ∆Rprobe occurred before arrival of the main pump pulse (Fig. 
2b). 
We modeled the evolution of the electron temperature profile Te(r, z ≤ 0, t) at 
constant solid density ρ by numerically solving the nonlinear diffusion equation ∂Te/∂t 
= ∇•(χ∇Te) with a temperature-dependent thermal diffusivity χ = (κSH + κR)/ρcv that 
included collisional (Spitzer-Härm) conductivity κSH ~ (kTe)5/2/(Z+1) and radiative 
conductivity κR = 16σTe3λR/3 [5],  where σ is the Stefan-Boltzman constant and 
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λR[cm] = (9 x 106)Te[oK]2/Zne[cm-3] is a simplified radiative mean free path valid for 
hydrogenic ions [3,5].  The initial condition was defined by partitioning absorbed 
pump energy (~ 1 mJ), with Gaussian radial profile, between electron thermal energy 
kTe and ionization Z(kTe) assuming Saha equilibrium.  The choice of initial absorption 
depth zabs was not critical because Te(r,z≤0,t) quickly evolved to a nearly 




FIGURE 1.  a) Diagram of experimental setup for optical and X-ray measurements and typical probe 
beam images.  b) Lineouts from probe images at two different pump laser intensities. The large radial 
expansion of the laser excited region is clearly observed at the highest pump intensity (left) but is nearly 
absent when the pump laser intensity is reduced by a factor of approximately five to 3.7 × 1017 W/cm2. 
 
 
FIGURE 2.  a) Normalized S- and P-polarized probe beam reflectivity ∆Rprobe(∆t)/R0 of the center of 
the laser excited region for pump intensity 1.8x1018 W/cm2. Dashed curve: fit of p-polarized data to a 
1-D resonance absorption model [6], assuming constant vertical expansion velocity vz = 2x107 cm/s.  
The data deviate from the model for ∆t > 1ps because the critical surface expansion becomes 3-D and 
kTe has cooled.  b) Probe image lineouts before and after the arrival of the intense pump pulse. The 
reflectivity of the probe beam does not change until after the arrival of the pump pulse due to the high 
contrast of the pump laser pulse (inset).  Pre-pulses at the 10-5 level are measured. 
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We benchmarked the code by reproducing the 1D transport results of Ref. [3]. We 
then completed the model of our results by coupling the calculated Te(r,z<0,t) to the 
1D hydrodynamic model assuming Te(r, z>0, t) = Te(r,0,t).  This approximation is 
justified by the low heat capacity and high thermal conductivity of the expanding 
coronal plasma. 
Fig. 3a shows the calculated profile of the critical surface S(r,z) at several ∆t for 
excitation at 1.8 x 1018 W/cm2.  During 0 < ∆t < 1ps, S expands vertically at nearly 
constant vz ~ 2 x 107 cm/s.  Simultaneously it expands radially, at first rapidly, then 
rapidly decelerating because of the highly nonlinear χ.  The radius rc of the "dark" spot 
was taken to be the radius of S(r,z) at z = λprobe/8,  which corresponds to maximum 
RA.  The resulting time evolution rc(∆t) is plotted in Fig. 3b (solid curve) and 
compared with the measured HWHM rdark(∆t) of the dark spot (dark circles).    A 
similar calculated curve for excitation at 3.7 x 1017 W/cm2 is compared with the 
corresponding data (triangles).  Both curves reproduce the measured spatial extent of 
radial expansion quite well.  For contrast, the calculated rc(∆t) for excitation at  
 
 
FIGURE 3.  a) Calculations of expanding critical surface of the laser-excited target from combining 
2D radiative transport model with 1D hydrodynamic model at different times ∆t.  b) Data points: 
Measured radius rdark(∆t) of darkened pump-excited plasma region at pump intensity 1.8 x 1018 W/cm2 
(dark circles) and 3.7x1017 W/cm2 (triangles). Curves:  Calculated radius rc(∆t) of critical surface at z = 
λprobe/8 at highest intensity (solid black), lower intensity (dotted) and neglecting radiative transport 
(dashed). 
 
1.8 x 1018 W/cm2, but assuming only Spitzer-Härm conductivity (i.e. puting κR = 0) is 
also shown (dashed curve).  This curve falls well short of the data, thus clearly 
demonstrating the dominance of radiative transport.   
The main discrepancy between measured rdark(∆t) and calculated rc(∆t) (including 
κR) is the faster initial evolution of the former.  We believe that this is caused in part 
by the initially nonlocal character of the radiative transport, which cannot be described 
by a diffusion equation.  This belief is based on an estimated Rosseland mean free 
path λR ~ 1 µm, comparable to the pump focal spot size, for our estimated initial 
conditions (kTe ~ 1 keV, Z ~ 10, ne ~ 1024 cm-3).  Additional complication may be the 
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dependence of λR on material opacity, which has been greatly simplified in our model 
and the transport of hot electrons by E×B drift. [8,9] The latter effect pulls electrons 
out of the corona into vacuum, moves them radially away from the plasma region then 
drives them back into cool target material. These points can be addressed in future 
simulations using particle-in-cell (PIC) methods and future experiments using 
different target materials.   
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